
Basis for Dept h Aggregation of GEMSS Model Out put for Budd Inlet TMDL 

Three dimensional models represent the water column using vertical discretization schemes to make 
computat ions feasible. The basis for horizontal model grid size and ve rtical laye ring used for this work was 

described in Roberts et.al. (2014). This sect ion focuses on the basis for depth aggregation of model output. The 

object ive of depth aggregat ing ve rtical laye rs )s to represent model outpu~ at te mporal and spatial scales needed 
for policy determinations, without averaging out, or diluting features that are re levant to the water quality 
standard and criteria. Water quality standards and criteria are not specified to correspond with any specific 

depth, but rather to apply to the water body in its e ntirety. Thus, biochemical, physical and policy 
conside rations come into play when aggregating mode l output for dissolved oxygen (DO), as described below. 

Depth aggregation for DO model output is based on: 

Habitat Considerations to meet Marine Water Designated Uses (refe r to Appendix 1) 

Tidal ra nge, ve rtical stratificat ion and biological productivity in euphotic zone laye r 

1 . Habitat considerations 

Budd In let sout h of Priest Point Park is designated Good Qua lity Aquat ic Life, while t he rest of Budd Inlet is 

Excellent Quality Aquatic Life. The marine DO standard has two parts. First, t he sta ndards establish 

minim um criteria that vary wit h designated use: {1) To protect the Excellent Quality category of aquat ic life 

use, the lowest 1-day minimum oxygen level must not fall below 6.0 mg/L more t han once every 10 years 

on average. {2) To protect the Good Quality category of aquat ic life use, the lowest 1-day minimum oxygen 

level must not fall below 5.0 mg/L more than once every 10 years on average. Excellent and good qua lity 

designations are further defined in the regulat ion, WAC 173-201A-210: 

(ii) Excellent qua lity salmonid and other fish migration, rearing, and spawning; clam, oyste r, and mussel rearing 
and spawning; crustaceans and other shellfish (crabs, shrimp, crayfish, scallops, etc.) rearing and spawning. 

(iii) Good quality salmonid migration and rearing; other fish migration, rearing, and spawning; clam, oyster, and 
mussel rearing and spawning; crustaceans and othe r shellfish (crabs, shrimp, crayfish, scall ops, etc.) rearing and 

spawning. 

Numeric criteria are meant to apply to ecosystem ~abitad. The assumption is that if the numeric criteria are 
met for sensitive organisms of each habitat, then the ambient condition of the waterbody as a whole will 

protect all other species. It is recognized that in some situations whe re the numeric criteria are insufficient to 

protect all fish and non-fish species, the narrat ive criteria may need to be applied to set alternative criteria, but 
the nume ric criteria is set to protect the species listed nonetheless. (Brown, 2016) 

Depths in Budd Inlet range from 100ft (30m) in the north to mudflats in the shallow East and West Bays. Much 
of the inlet varies from 15 to 50 ft (5 to 15m) in depth. The species listed above, and their prey, can inhabit the 
e ntire Budd Inlet water column. For instance, the native Olympia Oyster (Ostrea Lurida) are foun d at depths 
from 0-71m (Couch, et. al. 1989). Furthermore, o rganisms that in habit the bottom, te rmed benthic organisms, 
are an important part of the food chain from which fish and non-fish species depend on. ~aquer-Sunyer, et .al 
point out that benthic o rganisms are especially vulnerable to hypoxia because sediments tend to be depleted 
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first rela tive to the overlaying water column. Th us, when determining whether standards are met throughout 
the water co lumn, it is important to consider the bottom depths. 

2. Tidal rann verti""l stratification and euohotic zone konsiderationJ 

The euphotic zone is defined as t he area in the water column that receives sufficient light for photosyn thesis to 
occur. We agree with Ba nas et.al (2015) use of 30m as reflective of the euphotic layer in Puget Sound. In the 
euphotic zone oxygen is produced, and thus averaging euphotic layers a long w ith the rest of the water column 
will result in masking of potential hypoxic layers at depth. Since Budd Inlet is within the 30m e uphotic zone, we 
~xclude rom the a re atlon com utation on I the to Ia ers that are enerall se a rated from the rest of t he 
water column due to st ratification. However, in shallow nearshore areas, salin ity-depth profiles ind icate that 
the water column is well mixed, and so, we include the e ntire sub-tidal water column in those areas'. 

Ootums for 9446107, &UOO INLET, SOUTH Of GULL HARBOR 
All tlp•s lft m«•"' rt41t1W to SUt!M dltl.lrl'l 

Figure 1. Budd lnfd Tidal Rang~ 

The tidal range in Budd Inle t is around 4 .2 m (Figure 1), based on the difference betwee n m ean higher high 
water and mean low er low wa ter; however, tidal range for spring tides can exceed 5.5 m as m easured in 
1996-1997 at Boston harbor during th e Budd Inlet Scient ific Study (Aura Nova Consultants, 1998). A plot of 
the observed data is include d in Figure 2. We exclude areas above the subtidal range, defined in this case as 
areas above the minimum low water

1
1ine, because these areas are very shallow, subject to going dry, and when 

they are wet, are kenerally expected to be oxygenated due to wind and wave action. 

1 We do not include a discussion of temporal aggregation in this paper. However, we used lowest value per day (the one 
day minimum) was used to determine If a violation of standards occurred. This adheres to the water quality standard, see 
WAC (173 201A- 10) 
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Figure 2. Tidal elevations measured at Boston harbor (1997} 

The GEMSS model used for Budd Inlet uses a Cartesian (z-coordinate system) for vertical discretization. The first 

top ten layers are of equal thickness (1m). layers 11 and 12 are 2m thick, and the layers after that 3m, as 
shown in Figure 3. We start aggregating at sub-t idal depths (below 6 m- or layer 7). layers above th is depth are 
never incl uded in the averages since they are not consistently submerged in water, as described above. 

Appendix 2 shows salinity-depth profiles for Budd Inlet at different stations and seasons in 1997, the year that 
the modeling scenarios take place . Salinity-depth profiles are used here as an indication of the degree of mixing 

in the water column. We acknowledge that vertical profiles are subject to temporal variation. Nonetheless, 
observed salinity profiles available rema in generally uniform throughout the depth of va rious shallow stations 

(generally between 0- 12m), indicating a well-mixed subtidal zone. The scheme utilized for vertical aggregation 
accounts for that fact: at subtidal depths between 6-12 m, we aggregate and average all layers, assuming 

complete mixing. 

Very little observational data is available for deeper stations (12m and below) for 1997. However, more recent 

profiles obtained in 2015 indicate that some degree of stratification may occur at mid-levels- starting around 6 
m (Figure 4-6). Therefore, to remain protective of all habitats in Budd Inlet, and exclude higher euphotic levels 

rich in oxygen localized on top, we recogn ize that stratification can occur at mid-levels, half-way in the water 
column when the total depth of the water column is 12m or greater. Thus, for all depths greater than 12m, we 

~verag 
in Figu 

~the layers comprised between half of their depth, down to the bottom, as shown in the dark grey boxes 

re 131. 
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Example: If the 

1) For any location, determine the total depth of depth is 15 meters, find 

the water column. 

2) Find the depth in column C/ D in the chart at 

left. 

3) Determine how many layers the water 

is divided into (column A). 

1-.!...+-.!...+-::....+-~~~f----1 4) To determine which layers are averaged in 

1-=--+-:.....j--=-+....:.+_:_+-.. model, divide the total depth by 2 (column E) a 
f ind the corresponding layer at half depth 

(Column F) 

5). This layer and all layers below are averaged. 

Figure 3. Vertical aggregation scheme for Budd Inlet. 
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Figure 4 . Salinity depth profile near Swantown Marina; Budd Inlet (Courtesy of: Coastal Monitoring and Analysis Program, SEA; 

Department of Ecology). 
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Figure 5 . Salinity depth profile near Swantown Marina; Budd Inlet (Courtesy of: Coastal Monitoring and Analysis Program, SEA; 

Department of Ecology). 
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Figure 6. Solinity depth profile near SWantown marina~ Budd Inlet (Courtesy of: Coastal Monitoring and Analysis Program, SEA~ 
Department of Ecology). 

Figure 7 shows the DO concentrations at four locations with in Budd Inlet (in black) that a re used in the vertical 

aggregation scheme described above- DO concentrations at the surface (in blue) are not incorporated into t he 

aggregation scheme so that the resulting aggregated va lues are p ro tective of biological organisms l ~ndl thus 
water quality criteria are met, th roughout the entire ly of the water column. 
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Budd Inlet Model - Comparison of DO in model layers 
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Basis for Horizonta l Aggregation of GEMSS Model Out put for Budd Inlet TMDL 

Ecology uses county quadrangle grids (Figure 8) to designate locations in wh ich exceedances of the dissolved 
oxygen standard in marine waters have been measured. This is the same grid system used in Water Quality 

Assessment (also known as 303(d) list). Th is grid was chosen for its convenience and has the add it ional benefit 

of being relevant to the 303(d) listings. ~ince DO in Budd Inlet is fairly horizontally homogenous using the 

The methodology for horizontal averaging involves overlaying the 303(d) grid over the model's grid, and 
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averaging the model grid cells that fall w ith in each 303(d) grid layer as depicted in Figu re 8. The resu lting \>-------------------...( 
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Figure 8. Plan view of the Budd Inlet 303(d) grid layers, GEMSS Grid and their resulting overlay 
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Figure 9. Comparison of DO concentrations for GEMSS grid (showing lowest value) and 303(d) grids (showing average value after 
aggregation methods applied). 
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Appendix 1. 

173-201A-210 

Marine water designated uses and criteria. 

The following uses are designated fo r protection in marine surface waters of t he state of Washington. Use 
designations fo r specific water bodie s are listed in WAC 173-201A-612. 

(1) Aquatic life uses. Aq uatic life uses are designated using the following genera l categories. It is required 
that all indigenous fish and nonfish aquatic species be protected in waters of the state. 

(a) The catecories for aquat ic life uses are: 

(i) Extraordinary quality sa lmonid a nd other fish migration, rea ring, and spawning; clam, oyste r, and mussel 
rearing and spawning; crustaceans and othe r shellfish (crabs, shrimp, crayfish, scallops, etc.) rea ring and 

spawning. 

(ii) Excellent quality sa lmonid and othe r fish migration, rea ring, and spawning; clam, oyster, and mussel 

rearing and spawning; crustaceans and other shellfish (cra bs, shri mp, crayfish, scallops, etc.) rea ring and 

spawning. 

(iii) Good quality salmonid migration and rea ring; other fish migration, rea ring, and spawning; clam, oyster, 
and mussel rea ring and spawning; crustaceans and othe r shellfish (crabs, sh rimp, crayfish, scallops, etc.) rea ring 

and spawning. 

(iv) Fair quality sa lmonid a nd other fish migration. 

(b) General c,riteria. Gene ra l criteria that apply to aquatic life marine water uses are described in WAC 173-

201A-260 (2)(a) and (b), and are for: 

(i) Toxic, rad ioactive, and deleterious materials; and 

(ii) Aesthetic values. 
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